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Summary
Internal state as well as environmental conditions influence
choice behavior. The neural circuits underpinning state-
dependent behavior remain largely unknown. Carbon
dioxide (CO2) is an important olfactory cue for many insects,
including mosquitoes, flies, moths, and honeybees [1]. Con-
centrations of CO2 higher than 0.02% above atmospheric
level trigger a strong innate avoidance in the fly Drosophila
melanogaster [2, 3]. Here, we show that the mushroom
body (MB), a brain center essential for olfactory associative
memories [4–6] but thought to be dispensable for innate
odor processing [7], is essential for CO2 avoidance behavior
only in the context of starvation or in the context of a food-
related odor. Consistent with this, CO2 stimulation elicits
Ca2+ influx into the MB intrinsic cells (Kenyon cells: KCs)
in vivo. We identify an atypical projection neuron (bilateral
ventral projection neuron, biVPN) that connects CO2 sen-
sory input bilaterally to the MB calyx. Blocking synaptic
output of the biVPN completely abolishes CO2 avoidance
in food-deprived flies, but not in fed flies. These findings
show that two alternative neural pathways control innate
choice behavior, and they are dependent on the animal’s in-
ternal state. In addition, they suggest that, during innate
choice behavior, the MB serves as an integration site for
internal state and olfactory input.
Results and Discussion
Blocking MushroomBody Output Reduces CO2 Avoidance
Exclusively in Starved Flies
The environment of a fly contains several sources of CO2 [2, 3].
For instance, stressed flies produce an odor mix containing
mainly CO2, which might serve as a danger signal to conspe-
cifics [2]. In addition, CO2 is also a byproduct of fermenting
fruit, the food source for Drosophila [8]; thus, flies might be
able to modulate their CO2 behavior based on context. Pre-
vious work showed that ripening fruit emit 2,3-butanedione
that at high concentrations can inhibit CO2 detection at the
level of the CO2 receptor neuron [9].5These authors contributed equally to this work
*Correspondence: ikadow@neuro.mpg.deWe hypothesized that CO2 avoidance behavior is modulated
by the feeding state of the animal. Starvation is known to affect
food searching and feeding behavior [10–12] and locomotion
[13], as well as memory expression [14]. To analyze the role
of food deprivation in CO2 avoidance, we starved flies for
periods of up to 42 hr. Because females display more stable
behaviors in the context of starvation, we exclusively analyzed
female behavior. After starvation and in the context of the
attractive food-related odor vinegar, we observed that starved
flies, but not fed flies, partially suppressed their avoidance of
CO2 when CO2 was presented with vinegar (Figure 1A). This
indicates that the aversion of CO2 can be reduced in the
context of hunger and in the presence of a food odor. Avoid-
ance of another aversive odor, 3-octanol, was not reduced in
the presence of vinegar (see Figure S1 available online). These
observations encouraged us to investigate whether CO2 is
differentially processed in starved versus fed flies.
Insects detect odors with olfactory receptor neurons (ORNs)
on twomain organs, the antenna and themaxillary palp [15]. In
the case of CO2, these are Gr21a/Gr63a neurons on the
antenna [16, 17]. In order to test whether starvation leads to
a change in the response of CO2 neurons, we performed single
sensillum recordings of starved and fed flies stimulated with
increasing concentrations of CO2 (Figure S1). No significant
differencewas observed in the response of the sensory neuron
between starved and fed flies (Figure S1).
Previous work suggested that feeding state can be inte-
grated at the level of themushroom body (MB) during olfactory
learning and memory [14]. Three subpopulations of Kenyon
cells (KCs) represent the intrinsic neuron types of the MB:
a/b, a0/b0, and g. They receive olfactory input via projection
neurons (PNs) at the calyx of theMB [18]. To dissect a potential
role of different KC types in CO2 avoidance, we silenced sub-
populations (Figure 1B) by employing the Split-GAL4/UAS
system [19].We expressed the temperature-sensitive dynamin
allele shits1 [20] and tested the response of flies to CO2 versus
air. Shits1 inhibits presynaptic release in a temperature-
dependent manner (as used here: restrictive temperature of
32C versus permissive temperature of 25C) [20]. The use of
a temperature-dependent neuronal silencer allowed us to
directly compare flies of the same genotype that had under-
gone identical starvation treatment. This was necessary,
because flies of different genotypes or crosses of the same
genotype showed differences in starvation sensitivity (Fig-
ure S1). In fed flies, blocking the output of all types of KCs
through the line MB010B did not affect CO2 avoidance (Fig-
ure 1C). By contrast, CO2 avoidance of starved flies was
strongly reduced upon silencing of all KCs (Figure 1D). This
requirement was starvation time dependent, and became sig-
nificant when flies were food deprived for at least 24 hr (Fig-
ure S1). MB186B, used to inactivate a0/b0 and a small fraction
of a/b core neuron output, reduced CO2 avoidance behavior
significantly in starved, but not fed, flies (Figures 1C and 1D).
Inactivation of a/b KC using R67B04 had no effect on CO2
avoidance in either starved or fed flies (Figures 1C and 1D).
We further corroborated our data by employing a set of
GAL4 enhancer trap lines. Consistently, the inactivation of
output of all types of KCs using OK107 [18] resulted in strong
Figure 1. CO2 Avoidance Requires Mushroom Body Activity when Flies Are Starved
(A) Behavior of wild-type flies toward CO2, vinegar, and CO2 plus vinegar in a T maze assay. Wild-type flies were either starved 42 hr prior to experiments
(starved) or kept on food (fed). Error bars represent SEM (n = 9). **p < 0.01; ns, p > 0.05 (ANOVA, Bonferroni’s multiple comparison test).
(B) Expression patterns of three GAL4 driver lines that target different Kenyon cell subpopulations. MB010B expresses in all Kenyon cells, MB186B
expresses in a0/b0 cells, and R67B04 expresses exclusively in the a/b subset. Expression was detected by utilizing UAS-mCD8GFP as well as anti-GFP
and anti-discs large immunostaining. Scale bars represent 50 mm.
(C–E) CO2 avoidance by flies that carried different GAL4 drivers as well as UAS-shi
ts. MB output was blocked by shifting flies to 32C (restrictive) and
compared to the behavior of flies tested at 25C (permissive). Animals were either starved 42 hr prior to experiments (starved) or kept on food (fed). Error
bars represent SEM (n = 8 or 9). *p < 0.05, ***p < 0.001 (ANOVA, Bonferroni’s multiple comparison test).
(F) Behavior toward a combination of vinegar andCO2 tested versus air. Flies expressedUAS-shi
ts1 under control of a GAL4 driver that covers all KC subsets.
Animals were either starved 42 hr prior to experiments (starved) or kept on food (fed). Error bars represent SEM (n = 8). **p < 0.005 (ANOVA, Bonferroni’s
multiple comparison test).
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1229avoidance reduction in starved flies only, while two lines that
express exclusively in a/b and g KCs showed no effect on
CO2 avoidance (Figure 1E). We carried out similar experiments
with the aversive odor 3-octanol. None of the lines tested
affected avoidance of 3-octanol to a degree similar to avoid-
ance of CO2 in starved flies (Figure S1). These results demon-
strate that the MB, and in particular a0/b0 KCs, is not only
involved in olfactory learning and memory but also in
context-dependent innate olfactory choice behavior.
To address the reasons for the requirement of the MB for
CO2 avoidance, we tested whether KCs provide the possibility
to process CO2 in the context of additional sensory stimuli,
such as the food odor vinegar. Interestingly, blocking MB
output in fed flies converted their normal aversion behavior
into attraction to the vinegar/CO2 mixture (Figure 1F). The
same treatment in starved flies shifted the behavior from
reduced avoidance to strong attraction to the mixture (Fig-
ure 1F). Blocking of MB output, on the other hand, had no
effect on the attraction to vinegar alone (Figure S1). These
data reveal an MB-dependent component of CO2 aversionrelevant for context-related behavior in the presence of a
food odor. Thus, not only does the MB process CO2 informa-
tion in the context of food deprivation, but also it is required
for integrating the aversive CO2 signal into a broader sensory
context, such as the smell of food.
Calcium Influx into MBKenyon Cells upon CO2 Stimulation
Our behavioral data show that MB output is relevant for CO2
avoidance, but they do not provide direct evidence that KCs
respond to CO2. We therefore performed in vivo Ca
2+ imaging
experiments in starved and fed flies expressing the calcium
indicator GCaMP5.0 [21] under the control of MB drivers (Fig-
ures 2 and S2). Female flies expressing GCaMP5.0 under the
control of MB010Bwere stimulatedwith increasing concentra-
tions of CO2 (Figures 2A–2D). The increase in fluorescent
intensity of the calcium indicator was measured across all
labeled KC subtypes. We observed a CO2 concentration-
dependent increase in the Ca2+ signal with a similar slope in
both fed and starved (24 hr) flies (Figures 2E and 2F). Next,
we imaged flies that expressed GCaMP5.0 in a0/b0 KCs, since
Figure 2. CO2 Activates Mushroom Body Kenyon Cells
(A) Confocal image showing the expression pattern of MB010B-GAL4, visualized by anti-GFP (green) and anti-discs large (magenta) immunostaining.
(B) Grayscale image showing a dorsal view of the mushroom body lobes in vivo. The region of interest for the fluorescence intensity measurement is marked
with dotted lines.
(C and D) Representative pseudocolor images, showing the response to air and 1% CO2, respectively.
(E) Averaged time course of fluorescence intensity change plotted for stimulation with air or 1% CO2 (fed and starved). The black bar indicates stimulus
delivery.
(F) Peak fluorescence intensity after stimulation with different concentrations of CO2.
(G) Confocal image showing the expression pattern of MB186B-GAL4, visualized by anti-GFP and anti-discs large immunostaining.
(H) Grayscale image showing a dorsal view of themushroom body lobes in vivo. The region of interest for the fluorescence intensity measurement is marked
with dotted lines.
(I and J) Representative pseudocolor images, showing the response to air and 1% CO2, respectively.
(K and L) Peak fluorescence intensity after stimulation with different concentrations of CO2 for 24 and 42 hr starved and fed flies.
(M) Averaged time course of fluorescence intensity change plotted for stimulation with air or 0.1% CO2 (fed and starved). The black bar indicates stimulus
delivery. Peak fluorescence intensity after stimulation with 0.1% CO2 for 42 hr starved and fed flies is also shown.
AL, antennal lobe. Error bars represent SEM (n = 5 in F; n = 8 in K; n = 8 in L and M). *p < 0.05, unpaired t test. Scale bars represent 50 mm.
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1230this subtype appeared most critical for CO2 avoidance
(MB186B, GCaMP5.0, Figures 2G–2J). We recorded a CO2
concentration-dependent fluorescence increase similar to
the all-KC line at 24 and 42 hr of food deprivation (Figures 2K
and 2L). After 42 hr of starvation, we observed a statistically
significant difference (p = 0.0152) in response between fed
and starved flies at 0.1% CO2 stimulation (Figure 2M). In two
lines, labeling a/b and g only, we also observed a significant
increase in Ca2+-dependent fluorescence upon CO2 stimula-
tion (Figure S2). Here, we found a trend toward a decreased
Ca2+ response in starved versus fed flies (Figure S2).These results suggest that KCs react to CO2 stimulation, and
they are consistent with a role of the MB in CO2 avoidance
behavior.
An Atypical Projection Neuron Connects the V-Glomerulus
to the MB Calyx
How does CO2 sensory information reach the MB? ORNs
synapse with PNs and local interneurons (LNs) in distinct
glomeruli in the antennal lobe (AL) in the brain. PNs then
send projections to the MB calyx, as well as to the lateral
horn (LH) [22, 23].
Figure 3. V-Glomerulus Innervating Neurons
Project to the Lateral Horn and the Mushroom
Body Calyx
(A and B) Z projections of two-photon laser scan-
ning microscope imaging of a live Drosophila fly
brain expressing UAS-C3PA-GFP under the con-
trol of the Nsyb-GAL4 driver before (A) and
after (B) fluorophore photoconversion. Analysis
reveals four projections connecting the
V-glomerulus to higher brain centers. Two of
these projections arborize in the lateral horn
(LH), and the remaining two arborize both in the
LH and the mushroom body (MB) calyx.
(C and D) Amira three-dimensional reconstruc-
tion of the Drosophila fly brain shown in (B). All
PNs (C) or only the PN that innervates both the
LH and the MB calyx (D) are shown. Note: the
shape of arborization within the LH may not be
accurate in (D).
(E) Detailed view of PN arborization pattern in the
MB calyx (arrow).
(F) Three-dimensional reconstruction of the
biVPN (green), obtained from a heat shock Flp
clone superimposed on the brain neuropil
stained with anti-discs large (magenta). Arrow-
head points to cell body locations.
(G) R35B12-lexA driving lexAop-mCD8GFP
shows that this line specifically labels a0/b0 KCs.
(H) MB calyx showing GRASP between R35B12
and biVPN. Empty arrowhead points to the site
of potential synaptic contact.
LH, lateral horn;MB,mushroombody; iACT, inner
antennocerebral tract; mACT, medial antenno-
cerebral tract; oACT, outer antennocerebral tract;
V, V-glomerulus. Scale bars represent 50 mm.
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1231CO2 sensory neurons converge onto the V-glomerulus [2, 16,
17, 24]. A previously identified uniglomerular VPN (present in
NP7273-GAL4) connects the V-glomerulus exclusively to the
LH, consistent with the idea that innate olfactory behaviors
are processed exclusively by the LH [25]. In order to identify
additional output pathways of the V-glomerulus, we performed
GFP-photoactivation experiments, driving photoactivatable
GFP (PAGFP) under the control of the pan-neuronal driver
Nsyb-GAL4. We targeted a two-photon laser specifically to
the V-glomerulus to photoactivate the PAGFP. The activated
PAGFP diffuses and labels cell bodies and processes of
neurons that innervate the region of stimulation [26] (Figures
3A and 3B). Many local neuronswere labeled as expected (Fig-
ure S3). Posterior to the AL, we repeatedly identified four PN
neurites per hemisphere that projected into higher brain
centers (Figure 3C). Out of the four, two projections follow
the medial antennocerebral tract (mACT). Both are bypassing
the MB to connect to the LH. The two remaining projections
follow the oACT (outer ACT). Interestingly, we discovered
that these belonged to two atypical bilateral PNs (one on
each side of the brain) that bifurcated, extending one process
into the LH and one into the MB calyx (Figures 3D and 3E). The
bilateral ventral projection neuron (biVPN) offers a putative
pathway that connects the V-glomerulus to the MB. To further
analyze this neuron, we searched a GAL4 database for lines
that displayed expression in the V-glomerulus [27]. Using
PAGFP or clonal analysis with heat shock Flp to acquire a
more complete anatomy of the biVPN, we identified a line,R53A05 (biVPN-GAL4), that contained
this neuron as well as an additional,
weakly labeled VPN that only targetedthe LH. Reconstruction of clones of this line showed that the
cell body of the biVPN is located in an unusual position for
PNs—lateral to the subesophageal ganglion and not lateral
to the AL (Figure 3F). Furthermore, by contrast to other PNs,
the biVPN bifurcates and innervates the V-glomeruli bilaterally
before it extends a projection into both brain hemispheres.
Therefore, it represents an unusual type of PN compared to
previously described PNs that innervate the MB calyx.
GFP reconstitution across synaptic partners (GRASP [28])
experiments suggested that the biVPN connects to all types
ofKCs, including a0/b0 KCs (Figures 3G, 3H, andS3). Consistent
with prior descriptions [25], NP7273-GAL4 expressing in a VPN
with exclusive LH innervation did not show a GRASP signal in
the MB calyx (Figure S3). While our behavioral data suggests
that a0/b0 KCs are most important for context-dependent CO2
avoidance, imaging data revealed that other KC subtypes
also undergo CO2-dependent Ca
2+ influx. This is supported
by our GRASP data and a recent independent study [29].
These connections to KC types other than a0/b0 might be
required in other contexts of CO2 stimulus processing.
The biVPN Is Required for State-Dependent CO2 Avoidance
The biVPN-GAL4 line allowed us to test the functional role of
the biVPN in CO2 processing. To identify its neurotransmitter,
we carried out immunostainings with antibodies indicating
particular neurotransmitter systems. These stainings sug-
gested that the biVPN was cholinergic (Figure S4). In calcium
imaging analysis of fed and starved (42 hr) flies stimulated
Figure 4. Inhibition of biVPN Output Abolishes CO2 Avoidance Selectively in Food-Deprived Animals
(A) Confocal image of a heat shock Flp clone of biVPN-GAL4, showing the biVPNs with anti-GFP (green) and anti-discs large (magenta) immunostaining.
(B and C) Representative pseudocolor images of in vivo preparation of biVPN-GCaMP5.0, showing the response to air and 1% CO2, respectively.
(D) Averaged time course of fluorescence intensity change plotted for stimulation with air or CO2 (fed and starved) from the biVPN cell body.
(E) Peak fluorescence intensity from the cell body and V-glomerulus after stimulation with different concentrations of CO2. None of the CO2 concentrations
tested were statistically significant between the fed and starved states. Error bars represent SEM (n = 9). p > 0.05, unpaired t test.
(F) CO2 avoidance by flies that expressed UAS-shi
ts1 under control of biVPN-GAL4. Animals were either starved 24 hr (24h) or 42 hr (42h) prior to experiments
or kept on food (fed). Error bars represent SEM (n = 9). ***p < 0.001 (analysis of variance, Bonferroni’s multiple comparison test).
(G) CO2 avoidance performance index (PI) after blocking neuronal output of all KCs (MB010B, black line) or biVPNs (biVPN-GAL4, red line). At 24 hr starva-
tion, blocking the biVPN leads to a complete abolishment of CO2 avoidance, while MB output-impaired flies still display a residual behavior.
AL, antennal lobe; CB, cell body; V, V-glomerulus.
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1232with increasing concentrations of CO2, the VPNs, but not any
other neuron in the line, showed a significant and concentra-
tion-dependent increase of GCaMP5.0 fluorescence both at
the level of the V-glomerulus as well as at the level of the biVPN
cell body (Figures 3A–3E).
Encouraged by these results, we analyzed the role of the
biVPN in starvation-dependent CO2 avoidance. Blocking syn-
aptic output, using the biVPN-GAL4 line in fed flies, had no
effect on CO2 avoidance. By contrast, inhibition of the biVPN
line completely diminished the avoidance to CO2 in both 24
and 42 hr starved flies compared to controls (Figure 3F). Given
that the biVPN line contains only one VPN that connects to the
MB calyx, we conclude that the biVPN is the neuron respon-
sible for bringing CO2 sensory information to the MB. In sum-
mary, we identified that a single VPN targeting both the MB
and the LH mediates CO2 avoidance in a strictly starvation-dependent manner. In fed flies, the same neuron, although
activated by CO2, appears fully redundant, similarly to the
KCs. Here, the remaining VPNs connecting exclusively to the
LH appear to be sufficient to drive CO2 avoidance. Therefore,
the biVPN is likely the only neuron transmitting the CO2 sen-
sory information from the V-glomerulus to the KCs.
Starvation periods of 24 hr andmore switch CO2 processing
from MB-independent to MB-dependent. Surprisingly, block-
ing neuronal output of the biVPN abolished CO2 avoidance
fully after only 24 hr of starvation (Figure 4G). This result
indicates that alternative pathways commencing at the level
of PNs are necessary for relaying the CO2 stimulus to both
the LH and the MB even after shorter starvation times. Thus,
hunger-dependent CO2 processing appears to be distinct
from processing in fed flies, at least at two neural levels that
are co-opted in a subsequent manner.
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1233Why does the CO2 avoidance circuit consist of alternative
pathways? Combining CO2 with an attractive odor such as
vinegar reveals that CO2 aversion can be modulated in
starved, but not in fed, animals. It suggests that it is advan-
tageous to the fed fly to prioritize avoiding CO2 over food
stimuli. Once the fly is deprived of food sources, it becomes
more important to seek food than to avoid aversive signals.
The MB is known to provide integration between stimuli of
different modalities during learning and memory and is thus
a suitable center for making adaptive choices that are tailored
to the acute needs of the animal. Relaying CO2 signals to this
structure opens up possibilities of integrating other stimuli.
Our data that the context of vinegar smell can interact with
CO2 avoidance behavior in an MB-dependent way supports
the notion that the MB provides a brain center for the integra-
tion of context and multiple stimuli. During evolution, enabling
an adjustable behavior, rather than a hardwired response, to
the ubiquitous odor CO2 might have given flies an advantage
in survival. This is supported by the fact that fruits, one of
the natural habitats of this fly [8], produce varying amounts
of CO2 [30] that must be evaluated based on the general
context as well as the inner state of the fly. We thus propose
that the CO2 circuit is comprised of at least two distinct path-
ways. These pathways can be characterized by their use of
different types of PNs and higher brain centers, as well as by
their differential requirement depending on the internal state
of the fly.
Currently, we cannot answer where feeding-state depen-
dent modulation occurs in the CO2 avoidance circuit.
Nevertheless, because MB output becomes essential during
context-dependent CO2 processing, we propose that LH
output is inhibited or at least insufficient to drive avoidance
behavior. Thus, starvation-dependent modulation might occur
at the level of the LH output. At this point, MB or LH output
neurons for CO2 avoidance behavior, as well as genetic tools
to study their function, remain unknown. Further research
aims at identification of the full circuit, including modulatory
neurons required for CO2 avoidance processing in different
contexts.
Taken together, our results show that innate CO2 avoidance
behavior is processed via two neuronal pathways depending
on the feeding state of the fly.
Experimental Procedures
Behavior
Flies were tested in groups of approximately 60 in a T maze. For starvation,
flies were transferred prior to the experiment into bottles that contained a
supply of water. All data was statistically analyzed by one-way ANOVA
and a Bonferroni multiple comparisons test using GraphPad Prism
software.
Calcium Imaging
To image the MB, flies were prepared according to a method previously
described [31]. For imaging the biVPN, a modified protocol was used, in
which the mouth parts of the flies were removed and imaged from the
ventral side. Analysis and statistical tests were done using Excel and
GraphPad Prism software.
Tracing Neurons and Imaging
All tracing experiments were carried out as previously described [26].
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